The objectives of this study were to examine the genetic variation in fruit flies (Diptera: Tephritidae) in Thailand and to test the efficiency of the mitochondrial cytochrome c oxidase subunit I (COI) barcoding region for species-level identification. Twelve fruit fly species were collected from 24 host plant species of 13 families. The number of host plant species for each fruit fly species ranged between one and 11, with Bactrocera correcta found in the most diverse host plants. A total of 123 COI sequences were obtained from these fruit fly species. Sequences from the NCBI database were also included, for a total of 17 species analyzed. DNA barcoding identification analysis based on the best-close match method revealed a good performance, with 94.4% of specimens correctly identified. However, many specimens (3.6%) had ambiguous identification, mostly due to intraspecific and interspecific overlap between members of the B. dorsalis complex. A phylogenetic tree based on the mitochondrial barcode sequences indicated that all species, except for the members of the B. dorsalis complex, were monophyletic with strong support. Our work supports recent calls for synonymization of these species. Divergent lineages were observed within B. correcta and B. tuberculata, and this suggested that these species need further taxonomic reexamination.
thoracic color patterns). However, multidisciplinary studies including molecular genetics (using the nuclear ribosomal internal transcribed spacer (ITS), mitochondrial cytochrome c oxidase subunit I (COI) and NADH dehydrogenase 4 (ND4) genes), cytogenetics, mating compatibility, and chemoecology suggested that these species should be merged into a single biological species with B. dorsalis (Schutze et al. 2015a ). The cytogenetic technique has also contributed to fruit fly taxonomy (Zacharopoulou et al. 2011) , which can be used to differentiate the members of some species complexes (Baimai et al. 2000) . However, cytological taxonomy requires high levels of personal expertise for interpretation and is workable only for some species because of poor quality in visualization of the chromosomes.
Previous studies have shown that DNA barcodes could effectively be used to identify fruit fly species (Armstrong and Ball 2005) . The barcode region (Hebert et al. 2003; Ratnasingham and Hebert 2007) of the COI sequences have been used successfully for specimen identification to the species level (Armstrong and Ball 2005; Blacket et al. 2012) , although discriminating members of species complexes was less successful (Barr et al. 2012; Blacket et al. 2012; Jiang et al. 2014) . In this study, we investigated the efficiency of DNA barcoding for identification of morphospecies of fruit flies of the genus Bactrocera in Thailand. Although several studies have now used COI barcode sequences in Bactrocera, the success of this method still relies mainly on the availability of the database (Virgilio et al. 2010; Jinbo et al. 2011 ). In addition, it is also preferable for genetic variation across the geographic range of the species to be included in the database. Thus, specimens from a wide geographical range should be included to acknowledge intraspecific genetic variation (Meyer and Paulay 2005) . In Thailand, fruit flies are highly diverse: there are at least 103 species from 15 subgenera of four genera (Bactrocera, Dacus, Ichneumonopsis, Monacrostichus) recorded in the country (Drew and Romig 2013 (Meeyen et al. 2014; Jiang et al. 2014; Kunprom et al. 2015) . Therefore, our results
would increase the sequence library for fruit fly species in Thailand, and this will encourage rapid and accurate specimen identification. We also report the host plant species of the fruit flies included in our study, which is generally lacking in previous DNA barcode studies of the Tephritidae. This information will be useful for further control and management as well as fruit fly biology studies.
Materials and Methods

Sample collection and morphological identification
Fruit fly specimens were collected from 25 sites in Thailand between March 2012 and February 2015 (Table 1 and Fig.1 ). The infested fruits from 24 host plant species belonging to 13 families were obtained from both natural forests and fruit orchards ( Table 2 ). The infested fruit was placed in plastic boxes containing sawdust in the bottom, covered by calico, and kept at room temperature until adults emerged. Adult flies were collected and stored in 80% ethanol at -20°C. Voucher specimens were kept at Department of Biology, Faculty of Science, Mahasarakham University, Thailand. Species were identified morphologically using the keys and descriptions of White and Elson-Harris (1992) , Plant Health Australia (2011), and Drew and Romig (2013) .
DNA extraction, amplification and sequencing
Genomic DNA was extracted from each adult fly, randomly chosen from each host plant species from each collecting locality using the GF-1 Tissue DNA Extraction Kit (Vivantis, Selangor Darul Ehsan, Malaysia) following the manufacture's protocol, with a final elution volume of 100 µl. A portion of the mitochondrial cytochrome c oxidase I (COI) D r a f t 6 gene was amplified using the primers LCO1490 (5′-GGTCAACAAATCATAAAGATATTGG-3′) and HCO2198 (5′-TAAACTTCAG GGTGACCAAAAAATCA-3′) (Folmer et al. 1994) . Polymerase chain reactions (PCR) were carried out in a final volume of 50 µl containing 2 µl of DNA template, 2 µl of each primer (10 µM), 3 µl of 50 mM MgCl 2 , 5 µl of 10x PCR buffer, 1.6 µl of 10 µM dNTPs, and 0.4 µl of Taq DNA polymerase (5 U/ µl). The temperature profile of the PCR included an initial denaturation at 94°C for 2 min followed by 36 cycles of 94°C for 30 sec, 45°C for 45 sec, and 72°C for 45 sec with the final extension at 72°C for 5 min. PCR products were checked with a 1% agarose gel and purified using the HiYield Gel/PCR DNA Extraction Kit (RBC Bioscience). Sequencing was performed in both directions at Macrogen (Seoul, Korea) using the same primers as in the PCR. DNA sequences were aligned using CLUSTAL X (Thompson et al. 1997) , with a final visual inspection. Sequences were translated into amino acids to verify that they were correct using MEGA 6 (Tamura et al. 2013 ).
Data analysis
A total of 1146 COI sequences were included in the analyses. One hundred and twenty three sequences (GenBank accession numbers: KT588319-KT588441) were obtained in this study, and the remainder were from GenBank. Sequences from GenBank were obtained using the species name as the key word to search for the data. We included all of the available sequences in GenBank of the species that we detected during our study plus sequences of the species that know to occur in Thailand. In total, 17 species were included in the data analysis; 12 were obtained in the present study, and five were from GenBank.
According to a previous suggestion (Schutze et al. 2015a) Intraspecific and interspecific genetic divergences were calculated based on the Kimura 2-parameter (K2P) model using MEGA 6 (Tamura et al. 2013) . The frequency of successful identification was tested using the best match and best close match methods in the program TaxonDNA (Meier et al. 2006) . The best match method assigns specimens to species according to the best-matching barcode sequence (Meier et al. 2006) . The best close match method assigns specimens to species based on the level of sequence similarity below the threshold value, which is 95% of all intraspecific distances (Meier et al. 2006) . The published sequences of all species were used as the reference data set for the best close match analysis.
All unique haplotypes (n = 461) were used to infer phylogenetic relationships using the maximum-likelihood (ML) method implemented in PhyML 3.0 (Guindon et al. 2010) . Node support was calculated using approximate likelihood ratio tests (Anisimova and Gascuel 2006 and DQ116382, respectively) were used as the outgroups (Krosch et al. 2012 ). To present the relationship between the host plant and the fruit fly phylogeny, information about the host plant families from Table 2 were mapped onto the ML tree.
Results
Fruit fly species and host plant diversity
A total of 12 fruit fly species was collected in this study (Table 2 ). Among these, there were 11 known, and one was an unknown species (Bactrocera sp. 1) of the subgenus D r a f t Javadacus. These species were collected from 24 host plant species of 13 families (Table 2) .
B. correcta is the fruit fly species that was found from the most diverse range of host plants in this study. This species was collected from 11 plant species distributed in 10 plant families. (Fig. 2) . To compare our results based only on species that occur in Thailand with all available sequences of genus Bactrocera in the public database, we performed a barcode gap analysis in BOLD (Ratnasingham and Hebert 2007; accessed 18 February 2016) . In total, 1 669 sequences represent 68 species were included in the analysis. The levels of intraspecific (0% to 12.49%, mean 1.63%) and interspecific genetic divergence (smallest pairwise distance to the nearest neighbor species, 0% to 12.63%, mean 3.5%) were similar to our data. However, some COI sequences in this database could D r a f t 9 be from misidentified specimens. For example, the same COI haplotype was found for morphologically highly different species, such as B. carambolae and B. cucurbitae. This could be a limitation of using all sequences from public databases for conduct barcode-based identifications.
The best match and best close match methods revealed similar levels of correct specimen identification to species ( (Schutze et al. 2015a ) and formed a single clade (Fig. 4) . Thus, our results supported this synonymization. Another member of the B.
dorsalis complex, B. carambolae, was treated as a valid species based on multidisciplinary evidence (Schutze et al. 2015 ). The ML tree partially supported this as most of the haplotypes of this species formed a single clade, although two haplotypes of B. dorsalis were also included in this clade (Fig. 4) . Specimens of an unknown species, Bactrocera sp. 1, formed a monophyletic clade with strong support (posterior probability = 1).
Members of the fruit fly species in clade I were found in diverse host plant families, notably, B. dorsalis and B. correcta (Fig. 3 ). All 13 families (20 species) of the host plants recorded in this study were exploited by the fruit fly species in clade I. In contrast, only two plant families (five species) were recorded for the fruit fly species in clade II. The family Cucurbitaceae is the major host plant for the fruit fly species in this clade (Fig. 3 ).
Discussion
The primary objective of the DNA barcode method is to identify unknown specimens to known species using a short DNA sequence (Hebert et al. 2003 incomplete lineage sorting, (ii) interspecific introgression, (iii) inadequate phylogenetic signal for the DNA sequences being used, and (iv) imperfect taxonomy (Funk and Omland 2003) .
High intraspecific genetic divergences were found among the members of B. dorsalis, and the successful identification of other species suggested that the COI sequence used in this study possessed enough variation. Extensive taxonomic studies of the B. dorsalis species complex based on a multidisciplinary approach using morphology, molecular genetics, cytogenetics, sexual compatibility, and chemoecology (Schutze et al. 2012 (Schutze et al. , 2015a Boykin et al. 2014) Interspecific introgression could also explain this situation. Although the two species are valid biological species, and differentiation in mating behavior resulting in a low rate of interbreeding was observed (Schutze et al. 2013 ), a field cage study revealed that interspecific hybridization could occur between these species (McInnis et al. 1999 ).
In addition to providing a rapid and accurate method for specimen identification, DNA barcoding can also reveal hidden diversity. Our results revealed that five species (B. (Jamnongluk et al. 2003a; Kunprom et al. 2015) . These lineages were geographically sympatric and found on the same range of host plant species. Examination of the relationship between host plant families and genetic lineages on the ML tree of this species revealed no apparent association (Fig. 5) . Therefore, it is likely that they are two genetically divergent species, but morphologically similar within the B. correcta morphospecies. Further investigation is required to determine its taxonomic status.
Specimens of B. tuberculata included in this study also showed two divergent lineages. These lineages were associated with geographic origin, i.e., Thailand and China.
Genetic differentiation between these lineages was high (3.87%). Thus, it is likely that they could be distinct species. Morphological comparisons with the photographs of this species in the DNA barcode database (www.boldsystems.org) revealed that they were slightly different on the abdomen. B. tuberculata from Thailand collected in this study had a pale fulvous on the tergum II at the position adjoining the tergum III, with a narrow transverse black band across the anterior edge reaching the narrow black lateral edge. These characters agree well with the description of this species by Drew and Roming (2013) . In contrast, the specimen of B. tuberculata from China reported in BOLD had a fulvous tergum II adhering to the tergum III, but the narrow transverse black band did not reach the lateral edges. Therefore, the taxonomic status of these species needs reexamination.
Bactrocera sp.1 was collected from Coccinia grandis (L.) Voigt. This species was morphologically classified into the subgenus Javadacus as it had a pair of scutellar setae and prescutellar setae, anterior supra-alar and postpronotal setae absent. All male specimens had a pecten of cilia on the abdominal tergum III and a posterior lobe of the male surstylus long.
These characteristics are considered to be the dominant features of the subgenus Javadacus (Drew and Roming 2013) . Bactrocera sp.1 is similar to B. trilineata. They are also found on the same major host plant, C. grandis of the family Cucurbitaceae. However, Bactrocera sp.
1 could be differentiated from B. trilineata by the color of the abdominal tergum III.
Bactrocera sp.1 had a broad transverse black band across the tergum III covering two-thirds of the tergum, but B. trilineata had a broad transverse black band across the tergum III covering almost the entire tergum. The scapular setae on the thorax was the most distinctive character differentiating Bactrocera sp. 1 from B. trilineata. The former species had two scapular setae, while the latter had four. There are no reports for the COI barcoding sequence D r a f t 14 of B. trilineata; thus, we were unable to compare these species. Therefore, further taxonomic work is needed to clarify the species status of Bactrocera sp. 1. (2000) suggested that geographic origin and host plant could be used for cryptic species recognition in this species. Our specimens were collected from the north and northeast of Thailand from three host plant species that only B. tua A was recorded from. Therefore, it is likely that our specimens included in this study represent only a single species (i.e. B. tau A) of the B. tau species complex. The addition of other species within the B. tau complex is needed for fully understanding the genetic diversity and efficiency of the DNA barcode for cryptic species delimitation in this group.
Bactrocera tau in Thailand was
In conclusion, our results indicated that COI barcode sequences were successful for identifying fruit fly species in Thailand. However, the efficiency of this barcoding sequence was limited when members of a species complex were included in the analysis. A further limitation was found when sequences from a public database were used where species identification is uncertain, such as morphologically highly different species having the same COI sequence or the same species name being applied for highly divergence COI sequences.
A similar problem has been reported in other barcoding studies of insects such as in
Chironomidae (Pramual et al. 2016) . This indicates that care must be taken to examination the identification source and method when using full public databases to obtain species-level identifications. Levels of host plant specificity vary across fruit fly species. Members of the subgenus Bactrocera were found in diverse host plants. while those of the subgenus
Zeugodacus were confined to host plants of the family Cucurbitaceae. There was no evidence of association between the intraspecific genetic lineages and the host plant species. However, the limitation of the host plant information for the sequence data from public database prevented us from confirming this, and further examination will be required. Table   1 . 
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